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SUMMARY 
Spanwise blowing was u s e d  t o  t e s t  a generalized wind-tunnel_..model t o  
i n v e s t i g a t e  new component concepts in order to provide improved maneuver char- 
acterist ics fo r  advanced  f igh te r  a i rcraf t .  Primary  emphasis was placed  on  per- 
f o r m a n c e ,  s t a b i l i t y ,  a n d  c o n t r o l  a t  h igh  angles  of  a t tack  and  subsonic  speeds .  
The i n v e s t i g a t i o n  was focused on var ious  methods  of  cont ro l l ing  and  de lay ing  
the  leading-edge  vortex  breakdown  and  of  optimizing  component  interactions.   In 
par t icu lar ,  spanwise  b lowing  was used  on a 4 4 O  swept  t r a p e z o i d a l  wing t o  deter- 
mine t h e  effect  of leading-edge vortex enhancement on l ead ing -  and  t r a i l i ng -  
edge f l a p  e f f e c t i v e n e s s  a n d  on h o r i z o n t a l -  a n d  v e r t i c a l - t a i l  e f f e c t i v e n e s s ,  
and t o  assess the  concept  as a r o l l  c o n t r o l  d e v i c e .  I n  a d d i t i o n ,  t h e  effect  
of spanwise blowing on the canard or  wing on close-coupled canard-wing effec- 
t i v e n e s s  was i n v e s t i g a t e d .  The aerodynamic  performance  of  spanwise  blowing was 
compared w i t h  other  maneuver  concepts  such as canards and strakes. 
Test data were o b t a i n e d  i n  the Langley  high-speed 7- by 10-foot tunnel a t  
free-stream Mach numbers  up t o  0.50 f o r  a range of  model a n g l e s  o f  a t t a c k ,  j e t  
momentum coe f f i c i en t s ,  and  l ead ing -  and  t r a i l i ng -edge  f l ap  de f l ec t ion  ang le s .  
Spanwise  b lowing  resu l ted  in  s ign i f icant  vor tex- induced  l i f t  increments  a t  the 
h i g h e r  a n g l e s  o f  at tack w i t h  consequent  improvement i n  t h e  d r a g  p o l a r .  The 
data sugges ted  that  blowing was more e f f e c t i v e  a t  t h e  h ighe r  free-stream Mach 
numbers. I n   a d d i t i o n ,  t h e  longi tudinal   aerodynamic  performance  of   spanwise 
blowing compared favorably with the performance of a highly swept wing-strake 
c o n f i g u r a t i o n .  Small d e f l e c t i o n s  o f  a leading-edge  f lap  delayed the more 
b e n e f i c i a l  e f f e c t s  on l i f t  due  t o  blowing t o  higher ang le s  o f  a t tack,  b u t  t h e  
data suggested t h a t  a fo rward  ro t a t ion  o f  the  v o r t e x - l i f t  v e c t o r  r e s u l t e d  i n  
leading-edge  thrust   recovery  and,   hence,   polar   improvement .   Spanwise  blowing 
i n  con j u n c t i o n  w i t h  a deflected t r a i l i n g - e d g e  f l a p  r e s u l t e d  i n  l i f t  and drag 
b e n e f i t s  tha t  exceeded t h e  summat ion  of  the  e f fec ts  of  each high lift dev ice  
acting  alone.  Spanwise  blowing on the canard was more e f f ec t ive   t han   spanwise  
blowing  on the wing  of a close-coupled  canard-wing  configurat ion.  The pe r fo r -  
mance of canard blowing compared very well wi th  the  performance of canard-wing 
c o n f i g u r a t i o n s  f e a t u r i n g  a s t r aked   cana rd .  Adding a h o r i z o n t a l  t a i l  reduced 
the  l i f t  e f f ec t iveness  o f  b lowing  a t  h igh  ang le s  o f  at tack. 
I n  a d d i t i o n ,  b l o w i n g  r e s u l t e d  i n  s t a b i l i z i n g  i n c r e m e n t s  i n  t h e  e f f e c t i v e  
d i h e d r a l  and d i r e c t i o n a l  s t a b i l i t y  p a r a m e t e r s  o f  t h e  wing  and v e r t i c a l - t a i l  
con f igu ra t ion  and  the  combina t ion  wing ,  ho r i zon ta l - t a i l ,  and  ve r t i ca l - t a i l  con- 
f igu ra t ion .   A l so ,   b lowing   de l ayed   t he   un favorab le   b reak   i n  t h e  d i r e c t i o n a l  
s t a b i l i t y  p a r a m e t e r  t o  much h ighe r   ang le s   o f   a t t ack .   Fu r the rmore ,  the s i g n i f i -  
can t  bene f i t s  i n  long i tud ina l  cha rac t e r i s t i c s  ob ta ined  wi th  spanwise  b lowing  
or  a wing s t r a k e  may be ob ta ined  wi thou t  adve r se  effects on l a t e r a l - d i r e c t i o n a l  
s t a b i l i t y .  Asymmetric blowing was a n  e f f e c t i v e  lateral  c o n t r o l  d e v i c e  a t  t h e  
h i g h e r  a n g l e s  o f  a t t a c k .  T h i s  device  achieved  resul ts   which  compared  favorably 
w i t h   t h o s e   o b t a i n e d   f o r  a d i f f e r e n t i a l - s t r a k e   c o n f i g u r a t i o n .  The leading-edge 
suc t ion  ana logy  was used  fo r  selected conf igura t ions  and  provided  reasonable  
estimates f o r  t h e  longi tudina l  aerodynamic  characteristics r e s u l t i n g  f r o m  
spanwise  blowing. 
INTRODUCTION 
The flow on thin,  highly sweptback wings a t  modera t e  to  h igh  ang le s  o f  
attack is c h a r a c t e r i z e d  by a leading-edge  separa t ion  which forms a s t a b l e  v o r -  
t e x  o v e r  t h e  wing  and p rov ides  s ign i f i can t  vo r t ex - induced  l i f t  increments.  
T h i s  c h a r a c t e r i s t i c  o f  s l e n d e r  w i n g s ,  o f  t he  s u p e r s o n i c  c r u i s e  t y p e ,  has been 
unders tood   for  many y e a r s  (refs. 1 t o  15).  For modera te ly   swept   h igher   aspec t -  
r a t i o  w i n g s  s u i t a b l e  f o r  f i g h t e r  a i r c ra f t ,  however, these vortex-induced l i f t  
increments  are not  achieved  because  of  vor tex  burs t ing ,  o r  breakdown, a t  mod- 
erate ang le s  o f  a t tack.  If vor t ex  breakdown could be de layed   to  higher a n g l e s  
o f  a t t a c k ,  the r e s u l t i n g  v o r t e x  l i f t  would s i g n i f i c a n t l y  i m p r o v e  f i g h t e r  maneu- 
ver performance. 
A promising technique for enhancing the leading-edge vortex on moderately 
swept  wings and effect ively delaying vortex breakdown to h i g h e r  ang le s  o f  
at tack cons is t s  of  b lowing  a concen t r a t ed  j e t  o v e r  t h e  w i n g ' s  u p p e r  s u r f a c e  i n  
a d i r e c t i o n  e s s e n t i a l l y  p a r a l l e l  t o  t h e  wing leading  edge;  t h i s  technique  is 
i l l u s t r a t e d   i n   t h e   f l o w - v i s u a l i z a t i o n   p h o t o g r a p h s   i n   f i g u r e  1 .  References 16 
t o  31 describe s t u d i e s  which ( 1 )  demonstrate t he  c o n t r o l  o f  separated flow 
reg ions  by t ransverse  b lowing ,  ( 2 )  apply  t h e  spanwise  blowing  concepts   to  d i f -  
f e r e n t  t y p e s  o f  l i f t i n g  s u r f a c e s ,  and ( 3 )  determine the amount  of v o r t e x - l i f t  
ach ievab le  on w i n g s  t y p i c a l  o f  c u r r e n t  f i g h t e r  a i r c r a f t .  These s tud ie s   shou ld  
be ex tended  to  eva lua te  the effects  of  spanwise  blowing on f igh ter  per formance ,  
s t a b i l i t y ,  a n d  c o n t r o l  f o r  a v a r i e t y  o f  aircraft  component arrangements. 
Accordingly, t h e  i n v e s t i g a t i o n  described i n  t h i s  paper was conducted  using 
a 440 swep t  t r apezo ida l  w ing  conf igu ra t ion  to  de t e rmine  t h e  effects  of spanwise 
blowing on leading-  and  t ra i l ing-edge  f l a p  e f f e c t i v e n e s s ,  on hor izonta l -  and  
v e r t i c a l - t a i l  e f f e c t i v e n e s s ,  on close-coupled  canard-wing  interact ions,   and on 
rolling-moment  generation,  and  to  compare the aerodynamic  performance  of  span- 
wise blowing with other maneuver concepts such as canards and strakes. 
The wind-tunnel tests were performed in  the Langley high-speed 7- by 
IO-foot  tunnel a t  free-stream Mach numbers  up t o  0.50. Six-component  force 
and moment data were a c q u i r e d  f o r  a r a n g e  o f  a n g l e s  o f  a t t a c k ,  jet-momentum 
c o e f f i c i e n t s ,  a n d   l e a d i n g -   a n d   t r a i l i n g - e d g e   f l a p   d e f l e c t i o n   a n g l e s .  Details 
of t h i s  wind-tunnel   invest igat ion  have been r e p o r t e d   i n   r e f e r e n c e  32. The 
p r e s e n t  p a p e r  p r e s e n t s  h i g h l i g h t s  o f  t h a t  s t u d y ,  i n c l u d i n g  some a d d i t i o n a l  data 
a n a l y s e s ,  t h e o r e t i c a l  c o m p u t a t i o n s ,  and  comparisons  of  spanwise  blowing  with 
other  maneuver  concepts .  
SYMBOLS 
P h y s i c a l  q u a n t i t i e s  i n  t h i s  p a p e r  a r e  p r e s e n t e d  i n  t h e  In t e rna t iona l  Sys t em 
of   Uni t s  ( S I ) .  Measurements  and  calculations were made i n  U.S. Customary  Units. 
All d a t a  p r e s e n t e d  i n  t h i s  r e p o r t  are referred t o  t h e  s t a b i l i t y - a x i s  s y s t e m  as 
i n d i c a t e d  i n  f i g u r e  2.  The l o c a t i o n   o f  the moment r e f e r e n c e   c e n t e r  is shown 
2 
i n  f i g u r e  3(a)  a t  a po in t  25 p e r c e n t  o f  t h e  t h e o r e t i c a l  wing root   chord .  The 
nozzle  thrust  components  have been taken out  of  the data t o  o b t a i n  t he  aerody- 
namic c o e f f i c i e n t s  d e f i n e d  below: 
A 
b 
CD 
*CD 
cD,  j o  
cD,  o 
CL 
*CL 
c L ,  ind  
C L ,  j o  
c L , P  
C L ,  t o t  
C L ,  v l e  
C L ,  vse  
c2 
c2 B 
Cm 
a s p e c t   r a t i o ,   b 2 / S  
wing span,  54.36 cm 
Drag 
ae rodynamic   d rag   coe f f i c i en t ,  - 
SWS 
aerodynamic drag increment due t o  blowing ( C D  - C ~ , j o )  o r  t o  a d d i n g  
a strake (CD,strake on - CD,strake o f f )  
aerodynamic  drag  coef f ic ien t  wi th  j e t  off  
minimum aerodynamic  drag  coef f ic ien t  
L i f t  
aerodynamic l i f t  c c e f f i c i e n t ,  - 
qms 
aerodynamic l i f t  increment due t o  blowing ( C L  - C L , ~ ~ )  o r  t o  a d d i n g  
a strake ( c L ,  s t r a k e  on - cL,  s trake o f f )  
l i f t  c o e f f i c i e n t  a t  ze ro  ang le  o f  at tack due to  j e t - induced  camber 
e f f e c t  
aerodynamic l i f t  c o e f f i c i e n t  w i t h  j e t  o f f  
p o t e n t i a l  l i f t  c o e f f i c i e n t  
p o t e n t i a l  l i f t  p l u s  v o r t e x  l i f t  c o e f f i c i e n t  
leading-edge vortex l i f t  c o e f f i c i e n t  
s ide-edge  vor tex  l i f t  c o e f f i c i e n t  
Ro l l ing  moment 
aerodynamic rol l ing-moment  coeff ic ient ,  
qwSb 
ac1 
w r o l l i n g  moment due t o   s i d e s l i p ,  - 9 Per deg 
P i t c h i n g  moment 
aerodynamic pitching-moment coefficient,  
qwsc 
3 
Yawinn moment 
Cn 
CY 
CYB 
- 
C 
d 
g 
h 
i C  
aerodynamic yawing-moment c o e f f i c i e n t ,  
- 
qwSb 
8% 
yawing moment due t o  s i d e s l i p ,  -, per   deg 
a8 
Side f o r c e  
ae rodynamic  s ide - fo rce  coe f f i c i en t ,  
qa? 
a CY 
aB 
side f o r c e   d u e   t o   s i d e s l i p ,  - 9 P e r  del3 
j e t  momentum c o e f f i c i e n t ,   h j / g q w s  
l o c a l  wing  chord, cm 
l o c a l  f l a p  c h o r d ,  cm 
t h e o r e t i c a l  wing root  chord  wi th  lead ing  and  t ra i l ing  edges  ex tended  
to  plane of  symmetry,  cm 
wing mean geometr ic  chord ,  cm 
nozz le  diameter, cm 
g r a v i t a t i o n a l  a c c e l e r a t i o n ,  9 .8  m/sec2 
he igh t  o f  nozz le  cen te r  l i ne  above  uppe r  su r face ,  cm 
free-stream Mach number 
f r ee - s t r eam s t a t i c  p r e s s u r e ,  Pa  
s t a g n a t i o n  p r e s s u r e  i n  s e t t l i n g  c h a m b e r ,  Pa 
f r ee - s t r eam dynamic p r e s s u r e ,  Pa  
r a d i u s ,  cm 
wing r e f e r e n c e  area w i t h  l e a d i n g  a n d  t r a i l i n g  edges ex tended  to  
p l a n e  of  symmetry, cm2 
exposed  canard area, cm2 
exposed   ho r i zon ta l - t a i l  area, cm2 
e x p o s e d  v e r t i c a l - t a i l  area, cm2 
4 
leading-edge suct ion parameter  
a v e r a g e  s t a g n a t i o n  t e m p e r a t u r e  i n  s e t t l i n g  c h a m b e r ,  OR 
j e t  v e l o c i t y  reached by i s en t rop ic  expans ion  f rom s t agna t ion  p res su re  
a t  n o z z l e  e x i t  t o  free-stream p r e s s u r e ,  m/sec 
free-stream v e l o c i t y  
nozz le  a i r  weight flow rate,  N/sec 
ang le  o f  a t tack,  deg 
a n g l e  o f  s i d e s l i p ,  deg 
l e f t  a i l e r o n  d e f l e c t i o n  a n g l e  ( p o s i t i v e  w i t h  t r a i l i n g  e d g e  
down), deg 
r i g h t  a i l e r o n  d e f l e c t i o n  a n g l e  ( p o s i t i v e  w i t h  t r a i l i n g  edge 
down 1 , deg 
l ead ing-edge  f l ap  de f l ec t ion  ang le ,  deg 
t r a i l i n g - e d g e  f l a p  d e f l e c t i o n  a n g l e ,  deg 
t r a i l i n g - e d g e  a i l e r o n  i n b o a r d  s p a n  s t a t i o n  
t r a i l i n g - e d g e  a i l e r o n  o u t b o a r d  s p a n  s t a t i o n  
sweep a n g l e  o f  l i f t i n g  s u r f a c e  l e a d i n g  e d g e ,  d e g  
sweep ang le  o f  nozz le ,  deg  
DESCRIPTION OF MODEL 
Geometric de ta i l s  of  t he  g e n e r a l  research model are p r e s e n t e d  i n  f i g u r e  3 ;  
t h e  cana rd ,  w ing ,  ho r i zon ta l - t a i l ,  and  ve r t i ca l - t a i l  a r r angemen t s  are shown. 
Photographs of the v a r i o u s  model c o n f i g u r a t i o n s  i n s t a l l e d  i n  the  wind tunne l  
are shown i n  f i g u r e  4 .  Table I c o n t a i n s  the pe r t inen t   geomet r i c  parameters 
a s s o c i a t e d  w i t h  t he  model. 
The untwisted wing on the  model i n  f i g u r e  3 ( a )  is shown i n  detail i n  
f i g u r e  3 ( b ) .  The wing had a leading-edge  sweep  angle  of 44O a n d  v a r i e d  l i n e a r l y  
from an NACA 64A006 a i r f o i l  s e c t i o n  a t  t h e  wing r o o t  ( t h e  r o o t  o f  the wing i s  
taken a t  the i n t e r s e c t i o n  o f  the fuse lage  and  wing)  to  an  NACA 64A004 a i r f o i l  
s e c t i o n  a t  the t i p .  The fu l l - span   lead ing-edge   f laps ,  which added twist and 
camber t o  t h e  wing when deflected, had a cons tan t  chord  of  15 pe rcen t  o f  t h e  
wing root  chord and consis ted of  f ive spanwise segments ,  which are numbered for 
convenience.  The t r a i l i n g - e d g e   f l a p s ,  which extended  from the wing-fuselage 
i n t e r s e c t i o n  t o  70 pe rcen t  o f  t h e  wing semispan, had l o c a l  c h o r d s  which were 
20 pe rcen t  o f  the  l o c a l  wing chords. 
5 
The c a n a r d ,  h o r i z o n t a l  t a i l s ,  and v e r t i c a l  t a i l  used i n  t h i s  s tudy  (see 
f ig .  3 ( a ) )  had n e i t h e r  twist nor  camber a n d  c o n s i s t e d  o f  c i r c u l a r - a r c  a i r f o i l  
s e c t i o n s  whose t h i c k n e s s  v a r i e d  l i n e a r l y  f r o m  6 p e r c e n t  o f  t h e  chord a t  the  
r o o t  t o  4 pe rcen t  o f  the  chord a t  the t i p .  The canard   and   hor izonta l  t a i l  
were v e r t i c a l l y  p o s i t i o n e d  t o  b e  i n  t h e  wing chorda l  p l ane ;  t h e  v e r t i c a l  t a i l  
was l o c a t e d  i n  t h e  p l a n e  o f  symmetry  of the model. The cana rd  inc idence  ang le  
could be  set  a t  Oo or  IOo. 
The g e n e r a l  l o c a t i o n  a n d  o r i e n t a t i o n  o f  t h e  spanwise blowing nozzles are 
i l l u s t r a t e d  i n  f i g u r e  3 ( a )  f o r  the var ious  b lowing  ar rangements  eva lua ted  in  
t h i s  i n v e s t i g a t i o n .  More de t a i l ed   geomet r i c   i n fo rma t ion  i s  p r e s e n t e d  i n  f i g -  
u r e s  5 and  6. Two pa i r   o f   convergent   nozz les  were used  during the t e s t s :  one 
p a i r  f o r  t h e  4 4 O  swept  t rapezoidal  wing,  and a s e c o n d  p a i r  f o r  t h e  canards .  
Each nozz le  was made o f  s t a i n l e s s  steel tub ing .  The i n n e r  diameter of  t he  
tubing converged from 0.775 cm f o r  t h e  wing and 0.508 cm f o r  the c a n a r d  t o  t h e  
r e s p e c t i v e  ex i t  diameter d shown i n   f i g u r e  5. The n o z z l e s   f o r   t h e  4 4 O  swept 
t r a p e z o i d a l  wing extended through the fuselage and rested on the  uppe r  su r face  
of the wing a t  a point  approximately 23 pe rcen t  o f  the  wing root  chord a f t  of  
the   l ead ing   edge .  The e x i t  diameters of  t h e  r i g h t  a n d  l e f t  n o z z l e s  differed 
s l i g h t l y  f o r  b o t h   p a i r .   ( S e e   i n s e r t   i n  f i g .  5 . )  The canard   nozz les  were 
smaller than  the wing n o z z l e s .  T h i s  d i f f e r e n c e  r e f l e c t e d  the  lower  blowing 
rates needed on the  smaller canard   sur face .  The canard  nozzle  was loca ted  a t  
50-percent  canard  root  chord  to  enable  var ia t ion  of  canard  inc idence  angle  
without  changing the n o z z l e   l o c a t i o n   r e l a t i v e   t o  the canard   sur face .  Each 
canard nozzle was posi t ioned approximately 2.33 n o z z l e  e x i t  diameters above 
the   canard  surface. As re fe rence  32 e x p l a i n s ,  t he  d i f f e r e n c e s   i n  t he  sweep 
angles between t h e  l e f t  and r i g h t  n o z z l e s  f o r  the wing and canard have l i t t l e  
e f f e c t  on the  ae rodynamic  cha rac t e r i s t i c s .  
A continuous-flow a i r  system was used  t o  p r o v i d e  t h e  d e s i r e d  dry  h i g h  
p r e s s u r e  a i r  to   each  set  o f   conve rgen t   nozz le s   ( f i g .  6 ) .  High p r e s s u r e  a i r  
was de l ivered   th rough brass tub ing  which was fed  through t h e  s t i n g .  The tub ing  
was coupled to the  a f t  end o f  a s ix-component  s t ra in-gage balance in  the model 
by means of a f la re  f i t t i n g .  A i r f l o w  was routed  around t h e  balance  and p i p e d  
i n t o  a s i n g l e ,  c y l i n d r i c a l  plenum  chamber l o c a t e d  i n  t h e  f o r w a r d  s e c t i o n  o f  the  
model.   Allen  head  pipe  plugs  were  used  to  secure t h e  pa i r  o f  t apped  ho le s  t h a t  
were  not  used  during a given series of tes t  runs .  
APPARATUS, TESTS, AND CORRECTIONS 
The p r e s e n t  i n v e s t i g a t i o n  was conducted i n  t h e  Langley  high-speed  7- by 
10-foot  tunnel.   Six-component  force  and moment data were  recorded by means o f  
a n  i n t e r n a l l y  mounted s t r a in -gage   ba l ance .  High p r e s s u r e  a i r  was routed  around 
t h i s  b a l a n c e  by means  of two s t a i n l e s s  s tee l  S-shaped tubes 0.635 cm i n  diam- 
e te r .  This   a i r -ba lance   sys tem is unique  because the h igh   p re s su re  a i r  d e l i v e r y  
system is  combined wi th  the balance assembly so t h a t  t h e  b a l a n c e  s e n s i t i v i t i e s  
are e s s e n t i a l l y   i n d e p e n d e n t   o f  a i r  p re s su re .  The s t a g n a t i o n  p r e s s u r e  i n  the  
plenum  chamber was monitored and recorded by means of  a 3.45-MPa p r e s s u r e  
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t r ansduce r  l oca t ed  wi th in  the  mode l .  A p ressure  probe  and  an  i ron-cons tan tan  
thermocouple were used t o  mon i to r  t he  plenum chamber t o t a l  p r e s s u r e  a n d  to ta l  
t e m p e r a t u r e ,   r e s p e c t i v e l y .  
Nozzle a i r  weight  f low rate was determined by means of a ventur i  f lowmeter  
l o c a t e d  o u t s i d e  of t h e  t u n n e l .  The tempera ture   and   absolu te   p ressure  a t  t h e  
flowmeter i n l e t  were monitored.  Also  monitored was t h e  d i f f e r e n t i a l  p r e s s u r e  
ac ross  the  th roa t ,  f rom which  an  a i r  weight f low rate was determined.  
The j e t  momentum c o e f f i c i e n t  C1.1 is def ined  as ;Vj/gqoDS where b is 
the  measured a i r  weight flow rate. The parameter  V j  is t h e  j e t  v e l o c i t y  
reached by i s en t rop ic  expans ion  f rom t h e  s t a g n a t i o n  p r e s s u r e  a t  t h e  n o z z l e  e x i t  
t o  free-stream 
be 1 . 4  y i e l d s  
v j  = 
s t a t i c  p r e s s u r e .  T a k i n g  t h e  r a t i o  o f  s p e c i f i c  h e a t s  f o r  a i r  t o  
T h i s  expres s ion  is i d e n t i c a l   t o  t h e  one  used  for  Vj i n   r e f e r e n c e   2 3 .   S i n c e  
t h e  j e t  momentum c o e f f i c i e n t  v a r i e d  s l i g h t l y  d u r i n g  a g iven  tes t  run ,  an  aver -  
age j e t  momentum c o e f f i c i e n t  was computed.  For  convenience, t h i s  term is  
des igna ted  Cp and is u s e d   t o   i d e n t i f y  t h e  data. The C,, v a l u e s   f o r  each 
data p o i n t  are p r e s e n t e d  i n  r e f e r e n c e  3 2 .  
Each nozzle  arrangement  was s t a t i c a l l y  calibrated i n  the tunne l  w i th  a l l  
l i f t i n g  s u r f a c e s  removed to  obta in  s ix-component  force  and  moment data as a 
func t ion   o f  plenum t o t a l  p r e s s u r e .  Details  of a l l  t h e  c a l i b r a t i o n s  are pre- 
s e n t e d  i n  r e f e r e n c e  32 w i t h  addi t iona l  measurements  t h a t  show t h e  t o t a l  p r e s -  
s u r e  a t  t h e  n o z z l e  e x i t  t o  be  e s s e n t i a l l y  e q u a l  t o  the plenum t o t a l  p r e s s u r e  
f o r  a w i d e  r ange  o f  plenum t o t a l  p r e s s u r e .  
Tests were made a t  free-stream Mach numbers  up t o  0 .50 f o r  a free-stream 
Reynolds number of  2 .48  x I O 6  based on wing mean aerodynamic chord a t  ang le s  o f  
a t tack from  approximately -20 t o  20° a t  s i d e s l i p  a n g l e s  of O o ,  4O,  and - 4 O .  The 
model angle of a t tack  and s i d e s l i p  a n g l e  were c o r r e c t e d  f o r  d e f l e c t i o n s  o f  t h e  
ba lance  and s t ing   suppor t   sys tem  due   to   aerodynamic   load .   Fuse lage   base-cavi ty  
p r e s s u r e s  were measured during t h e  t e s t ,  and t h e  drag c o e f f i c i e n t s  were cor-  
rected t o  a z e r o  base-drag c o n d i t i o n .  Jet  boundary  and  blockage  correct ions 
were eva lua ted  by t h e  method o f  r e fe rence  33  and were found t o  be n e g l i g i b l e .  
Therefore ,  they  were n o t  a p p l i e d  t o  t he  data.  
RESULTS AND DISCUSSION 
The exper imenta l  data ob ta ined  du r ing  the  wind- tunne l  tests are  presented  
i n  tabpllated form i n  r e f e r e n c e  3 2 .  The nozzle   thrust   components   have  been 
t aken iou t  o f  these data t o  o b t a i n  t h e  a e r o d y n a m i c  c o e f f i c i e n t s  t h a t  are pre- 
s e n t e d  i n  t he  f o l l o w i n g  d i s c u s s i o n .  
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4 4 O  Swept Trapezoidal Wing 
Flaps undef1ected.-  The effect of spanwise blowing on t h e  l o n g i t u d i n a l  
aerodynamic characteristics of the  44O swep t  t r apezo ida l  wing c o n f i g u r a t i o n  is 
p r e s e n t e d  i n  f i g u r e s  7 and 8 f o r  M,,, = 0.30 and 0.50, r e s p e c t i v e l y .  The d i f -  
ferences  between the Cv v a l u e s   f o r  these two free-stream Mach numbers are due 
t o  t he  d i f f e r e n c e s  i n  free-stream dynamic p r e s s u r e .  The data i n d i c a t e  t h a t  
b l o w i n g  r e s u l t s  i n  v o r t e x  l i f t ,  i n c r e a s e s  the maximum CL as well as the  a n g l e  
of  attack where t h i s  maximum CL occurs ,   improves t h e  d r a g   p o l a r s  a t  h igh  CL, 
and  provides  a l i n e a r   p i t c h i n g  moment throughout t h e  CL range .   S ince  t h e  
s t a b i l i t y  l e v e l  is unchanged w i t h  blowing, the wing  center -of -pressure  loca t ion  
remains  approximately t h e  same w i t h  and  without  blowing. These exper imenta l  
t rends  can  be better understood i f  they  are compared w i t h  t h e o r e t i c a l  predic- 
t i o n s  which assume a stable,  fu l ly   deve loped   lead ing-edge   vor tex   f low.  The 
t h e o r e t i c a l  c a l c u l a t i o n s  ' p r e s e n t e d  here were ob ta ined  fo r  ze ro  l ead ing -edge  
s u c t i o n  by us ing  the  leading-edge  suc t ion  ana logy  method out l ined  in  refer- 
ence 34. The s o l i d  l i n e  r e p r e s e n t s  attached, p o t e n t i a l   f l o w   c a l c u l a t i o n s ,  
whereas the curve wi th  long  and  shor t  dashes r e p r e s e n t s  t h e  c a l c u l a t i o n s  f o r  
t he  f u l l  n a t u r a l l y  g e n e r a t e d  v o r t e x  f l o w  c o n d i t i o n .  It should  be k e p t  i n  mind 
t h a t  t h i s  theory  does  not  account  for  the  l eve l  o f  b lowing  bu t  r ep resen t s  t h e  
f u l l  v o r t e x - l i f t  i n c r e m e n t s  t h a t  would be expected i f  the ful ly  developed vor-  
t ex   f l ow were generated  and no vo r t ex  breakdown  occurred.  Comparing the l i f t  
data f o r  CM = 0 w i t h  t h e  l if t  estimates i n d i c a t e s  t h a t  t h e  wing  develops some 
v o r t e x  l i f t ,  a l though the leading-edge vortex appears t o  break down a t  rela- 
t i v e l y  low angles   of   a t tack.   Spanwise  blowing  provides   favorable   spanwise  f low 
g r a d i e n t s  t h a t  de l ay  the  v o r t e x  breakdown t o  higher angles of  a t tack;  as a 
r e s u l t ,  there are s i g n i f i c a n t   i n c r e a s e s   i n   v o r t e x - i n d u c e d  l i f t  increments .  The 
l i f t  data obta ined  a t  the  highest  C,, va lue  agree reasonab ly  well throughout 
the  angle-of-at tack  range w i t h  t h e  f u l l  v o r t e x - l i f t  estimate. The data sug- 
gest t h a t  w i t h  i nc reased  l eve l s  o f  b lowing ,  the  l i f t  d a t a  would exceed t h e  f u l l  
v o r t e x - l i f t  estimate. This  r e s u l t  has a l s o  b e e n  p o i n t e d  o u t  i n  r e f e r e n c e  2 3 .  
A t  o! = Oo, where there is no leading-edge  vortex,  a small i n c r e a s e   i n  C L ,  
defined as  CL i n d ,   o c c u r s  when spanwise  blowing i s  a p p l i e d .  T h i s  t r end  has 
been a t t r ibu ted  i n  r e f e r e n c e s  22 and 26 t o  a jet-induced  camber effect .  The 
t h e o r e t i c a l  estimate f o r  f u l l  v o r t e x  l i f t  was mod i f i ed  to  accoun t  fo r  t h i s  j e t -  
induced e f fec t '  by adding the  CL,  ind  value  achieved a t  t h e  h ighes t  Cv t o  the 
f u l l   v o r t e x - l i f t  estimates. The r e s u l t i n g   c a l c u l a t i o n   ( s h o r t - d a s h   c u r v e )  i s  
i n  bet ter  agreement w i t h  experiment a t  t he  low-to-moderate  angles  of  a t tack.  
Comparison between the theoretical  and experimental  drag-due-to-lif t  infor- 
mation  shows t h a t ,  f o r  t he  p o t e n t i a l  f l o w  c a s e  w i t h  the leading-edge  suc t ion  
omi t t ed ,  C L , ~  t a n  a overes t ima tes  t h e  exper imenta l  drag due t o  l i f t  obta ined  
f o r  t h e  blowlng-off  condition ( C p  = 0)  up t o  the  higher CL values .   Because 
the wing has a leading-edge  rad ius ,  i t  develops  some l ead ing-edge  suc t ion  fo rce .  
Comparison wi th  t he  f u l l   s u c t i o n   l o w e r  bound C L ~ / T A  i n d i c a t e s ,  however, t h a t  
t h e  s u c t i o n   d i m i n i s h e s   r a p i d l y  wi th  i n c r e a s i n g  CL. S ince  par t ia l  leading-edge 
s u c t i o n  i s  being  developed, the  drag is dependent on both CL and o!. There- 
f o r e ,  there is improvement i n  t he  drag polar  due  to  spanwise  blowing.  Reducing 
a f o r  a given CL a l s o  results i n  a drag reduc t ion .  The d i f f e r e n c e   i n  t h e  
t h e o r e t i c a l   v a l u e s   f o r  C L , ~  t a n  o! and C ~ , t ~ t  t a n  o! i l l u s t r a t e s  t h i s  t r e n d .  
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The effect  o f  C, and M, on the  lift augmen ta t ion   r a t io  ACL/C, and  on 
the  l i f t  e f f ec t iveness   o f   b lowing  C L / C L , ~ O  a t  an   ang le   o f  attack of   approxi-  
mately 21° is p r e s e n t e d   i n   f i g u r e  9.  The va lue  ACL is de f ined  as t h e  d i f fe r -  
ence  between  jet-on CL va lues   and   j e t -o f f  CL v a l u e s  ( C L , ~ ~ ) .  Spanwise blow- 
ing  exceeds  t h e  effect of v e c t o r i n g  the  t h r u s t  downward and  pe rpend icu la r  t o  the  
free stream. This  v e c t o r i n g  would r e s u l t  i n  a l i f t  augmen ta t ion  r a t io  o f  1 
( l ong-dashed   l i ne ) .   I n  fact ,  the  highest  augmen ta t ion   r a t io s   occu r  a t  the  low- 
est C, v a l u e s .   I n   a d d i t i o n ,   t h e  l i f t  e f f e c t i v e n e s s   o f   b l o w i n g   i n c r e a s e s  
as C, increases   and  approaches t h e  t h e o r e t i c a l   v a l u e s   g i v e n  by C L , ~ ~ ~ / C L ,  
( s o l i d  l i n e s  a n d  t h o s e  w i t h  long  and  shor t  dashes)  a t  t h e  higher va lues  o f  E,. 
For t h e  l imited range of  jet-momentum c o e f f i c i e n t  a v a i l a b l e  f o r  c o m p a r i -  
son, spanwise blowing is more e f f e c t i v e  i n  g e n e r a t i n g  l i f t  a t  t h e  higher free- 
stream Mach number (M, = 0.50). S i m i l a r  r e s u l t s  were r e p o r t e d  i n  r e f e r e n c e  25 
f o r  a semispan, cambered wing c o n f i g u r a t i o n  wi th  body  and h o r i z o n t a l  t a i l ,  
where blowing a t  M, 0.75 was found t o  be more e f f e c t i v e   t h a n  a t  M, 0.30. 
F i g u r e  10 i l l u s t r a t e s  t h e  effect  of  CL and C,, on the aerodynamic drag 
r e d u c t i o n   r a t i o  A C D / C ~  f o r  M, = 0.30 and 0.50, where ACD is the  d i f f e r e n c e  
between  jet-on CD va lues   and   j e t -o f f  CD v a l u e s  ( C D  j o> .  A t  low va lues   o f  
l i f t ,  spanwise  b lowing  resu l t s  in  a drag i n c r e a s e ,  whi ie  a t  t h e  higher va lues  
of l i f t ,  b l o w i n g   r e s u l t s   i n  a s i g n i f i c a n t   r e d u c t i o n   i n  drag. I n  f ac t ,  a t  the 
h i g h e s t  va lues   o f  C L ,  spanwise  blowing  becomes more e f f e c t i v e   t h a n   v e c t o r i n g  
t h e  t h r u s t  a f t  and p a r a l l e l  t o  t h e  f ree  s t ream,  which  would r e su l t  i n  a drag 
r e d u c t i o n   r a t i o   o f  1 (short-dashed  curve) .  A s  mentioned ea r l i e r ,  the  drag 
reduc t ion  is a s s o c i a t e d  w i t h  t h e  r educed  ang le  o f  a t t ack  r equ i r ed  fo r  a g iven  
CL which ,   for   cases  where t h e  leading-edge   suc t ion  is no t   deve loped ,   r e su l t s  
i n  a d rag  r educ t ion .  
F igure  11 i l l u s t r a t e s  a comparison  of t h e  longi tudina l  aerodynamic  per -  
formance  of  spanwise  blowing a t  M, = 0.30 (see f i g .  7 )  w i t h  another  maneuver 
concep t ,  a sharp,  h igh ly  swept  wing strake. Data f o r  t he  wing-strake  configu- 
r a t i o n  are taken  f rom  reference 35  and were ob ta ined  a t  M, = 0.40. The a u t h o r s  
used  the same wing  planform,  but the f u s e l a g e  had a d i f f e r e n t  c r o s s - s e c t i o n a l  
shape  and a smaller c r o s s - s e c t i o n a l  area than  the f u s e l a g e  u s e d  i n  t h e  p r e s e n t  
s t u d y .  The ae rodynamic   coe f f i c i en t s  are based on t h e  r e s p e c t i v e   r e f e r e n c e   c h a r -  
acter is t ics  from each i n v e s t i g a t i o n .  P i t c h i n g  moments are taken   about  the 
moment r e fe rence   cen te r   u sed   i n  the p r e s e n t   s t u d y .  The s t r a k e - o f f  data from 
r e f e r e n c e  35 are shown f o r  r e f e r e n c e .  
Spanwise  blowing  and a wing strake r e s u l t  i n  c o m p a r a b l e  l i f t  and drag 
b e n e f i t s  a t  t he  modera t e  to  h igh  ang le s  o f  at tack. The b e n e f i t s  are due t o  
leading-edge  vortex  enhancement on the  main  wing  panel. A t  t h e  higher blowing 
rate (C, = 0.1281, t he  bene f i t s  exceed  those  o f  t h e  strake,  excep t  a t  t he  
h ighe r  angles of  at tack where the performances of spanwise blowing and a 
s t r a k e  are n e a r l y   c o i n c i d e n t .  These comparisons,  however,  must be viewed i n  
l i g h t  o f  t he  dependence of spanwise blowing on a v a i l a b l e  bleed a i r  on e x i s t i n g  
a i r p l a n e s .  One b e n e f i t  o f  t he  spanwise  blowing  and  wing-strake  concepts is ,  
of  course ,  t h a t  higher lifts ( o r  l o a d  f a c t o r s )  c a n  be provided  without  the 
wing weight p e n a l t y  which would be a s s o c i a t e d  wi th  t h e  l a r g e r  wing area 
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r e q u i r e d  t o  a c c o m p l i s h  the  same improvement. I n  t h e  case of   spanwise  blowing,  
however, the  reduced wing weight must be weighed a g a i n s t  o t h e r  c o n s i d e r a t i o n s  
such as duc t ing  or  a i r  source .  
Pitching-moment characterist ics w i t h  spanwise blowing o r  a wing strake are 
r e a s o n a b l y  l i n e a r  t h r o u g h o u t  t h e  t e s t  l i f t  c o e f f i c i e n t  r a n g e .  Adding a strake 
r e s u l t s  i n  a l o w e r  s t a b i l i t y  l e v e l  b e c a u s e  o f  t h e  a d d i t i o n a l  l i f t i n g  area ahead 
of the moment r e fe rence   cen te r .   No te  tha t  t h e   c o n f i g u r a t i o n  w i t h  C,, = 0 
(from ref. 35) has a d i f f e r e n t  s t a b i l i t y  l e v e l  t h a n  t h a t  o b t a i n e d  f o r  t h e  
cu r ren t   con f igu ra t ion .   (See  f i g .  7 . )  
"- Leading-edge f l a p  d e f l e c t i o n . -  The e f fec ts  of spanwise blowing on the 
longi tudina l  aerodynamic  character is t ics  o f  t h e  4 4 O  swept trapezoidal wing con- 
f i g u r a t i o n  are p r e s e n t e d  i n  f i g u r e s  12 t o  19 f o r  a range  of  lead ing-edge  f lap  
d e f l e c t i o n   a n g l e s   f o r  M, 0.30 and 6 t e  = O o .  The 6ze = 4O and 80 data 
are p r e s e n t e d  i n  f i g u r e s  12 and 13, r e s p e c t i v e l y ,  t o g e t h e r  w i t h  t h e o r e t i c a l  
c a l c u l a t i o n s  which a c c o u n t  f o r  t he  effect  of  lead ing-edge  vor tex  f lows  on cam- 
bered and t w i s t e d  wing  aerodynamics as o u t l i n e d  i n  r e f e r e n c e  3 4 .  The exper i -  
mental  results obta ined  w i t h  spanwise blowing i n  c o n j u n c t i o n  w i t h  a deflected 
leading-edge   f lap  are similar t o   r e s u l t s   o b t a i n e d   f o r  t h e  61, Oo case. 
One o f  t h e  a s s u m p t i o n s  i n  t he  t h e o r e t i c a l  method from reference 34 i s  t h a t  
t h e  v o r t e x - l i f t  v e c t o r  i s  r o t a t e d  so t h a t  i t  i s  normal t o  t h e  leading-edge f l a p  
c h o r d ;   t h u s ,   u n l i k e   t h e  case f o r  t h e  uncambered  wing, t h e  t h e o r e t i c a l  drag . 
po la r   canno t  be de f ined  by t h e  s imple  r e l a t i o n  CD = CL tot t a n  a .  Therefore ,  
no t h e o r e t i c a l  drag curve  is p r e s e n t e d   t o   a c c o u n t   f o r   t L , i n d  e f fec ts .  
This  assumpt ion  appears  to  be j u s t i f i e d  by t h e  agreement w i t h  experiment .  
The vortex-induced l i f t  and drag bene f i t s  due  to  spanwise  b lowing  a t  t h e  high- 
est Cy are p red ic t ed   ve ry  well by t h e  t h e o r y  which assumes f u l l  v o r t e x  l i f t  
and  zero  leading-edge  suct ion  (curves  w i t h  long  and  shor t  dashes i n  f i g s .  12 
and  13) .  
References  22  and  26 i n d i c a t e  t h a t  j e t  spreading and leading-edge vortex 
i n s t a b i l i t y  o c c u r  as span  d i s t ance  inc reases ,  and  t h a t  t h e  j e t  has t h e  largest 
e f fec t  on s t a b i l i z i n g  t h e  leading-edge  vortex a t  i n b o a r d   s t a t i o n s .  These 
s t u d i e s  p r o v i d e d  t h e  basis  f o r  t e s t i n g  a c o n f i g u r a t i o n  w i t h  a modi f ied  leading  
edge f e a t u r i n g  d i f f e r e n t i a l  d e f l e c t i o n s  o f  a segmented  leading-edge f l a p ,  and 
data f o r  t h i s  c o n f i g u r a t i o n  are p r e s e n t e d  i n  f i g u r e  1 4 .  A t  the  inboard  sta- 
t i o n s  where t h e  j e t  is most e f f e c t i v e ,  t he  leading-edge f lap segments  I and I1 
were unde f l ec t ed .  A s  span   d i s t ances   i nc reased ,   l ead ing -edge   f l ap   s egmen t s  111, 
I V ,  and V were deflected t o  4O, 8 0 ,  and 12O, r e s p e c t i v e l y .   I n  t h i s  manner, 
s t a b i l i z i n g  t h e  leading-edge vortex inboard was a t tempted  as was main ta in ing  
attached f low  near  t h e  l e a d i n g  edge farther outboard .  The data f o r  t h i s  con- 
f i g u r a t i o n  are similar t o  t h e  61e = 80 c a s e ;  t h i s  s i m i l a r i t y  is a l s o   s e e n   i n  
f i g u r e  15 which summarizes t h e  effects  o f  C,, and 62, on ACL/C,, and 
CL/CL,  j o  f o r   a n  a of   approximate ly  20°. D e f l e c t i n g  t h e  l ead lng -edge   f l ap  
downward reduces  ACL/C,, and C L / C L , * ~  throughout  t h e  C,, range.  T h i s  
d e f l e c t i o n  is c o n s i s t e n t  w i t h  the l ead ing -edge  suc t ion  ana logy ,  where t h e  
l e a d i n g - e d g e  f l a p  d e f l e c t i o n  moves t h e  s t a g n a t i o n  p o i n t  c l o s e r  t o  t h e  l e a d i n g  
edge and  reduces t h e  a v a i l a b l e  edge s u c t i o n .  It should be noted t h a t  t h e  l i f t  
e f f e c t i v e n e s s  of b lowing   for  each o f  three 6 l e  va lues   approaches  or  exceeds 
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t h e o r e t i c a l  estimates g iven  by C L , ~ ~ ~ / C L , ~  ( s o l i d   l i n e s ,   l i n e s   w i t h   s h o r t  
dashes ,   and   l i nes   w i th   l ong   and   sho r t   dashes )  a t  the h i g h e r  Cu va lues .  
F igure  16 p r e s e n t s   t h e  effect o f  CL and Cy on the  percent   leading-edge 
suc t ion  developed  by t h e  wing f o r  a r ange  o f  l ead ing -edge  f l ap  de f l ec t ion  
a n g l e s .  The leading-edge  suction  parameter s ,  as p resen ted  here, simply 
r e p r e s e n t s  t h e  l o c a t i o n  o f  t h e  e x p e r i m e n t a l  drag data i n  r e l a t i o n  t o  t h e  z e r o  
and fu l l  l ead ing -edge  suc t ion  boundar i e s  shown i n  f i g u r e s  7, 12,  and 13. 
A l though   t he   fu l l   l ead ing -edge   suc t ion   boundar i e s   de f ined  by C L ~ / T A  remain 
t h e  same f o r  a l l  cases, the zero leading-edge suct ion boundary is raised as 
l ead ing-edge  f l ap  de f l ec t ion  ang le  inc reases  because  o f  the improved l i f t - c u r v e  
s l o p e  e x h i b i t e d  by the  twis ted  and cambered  wing. 
D e f l e c t i n g  t h e  leading-edge  f lap  downward ( b l o w i n g  o f f )  r e s u l t s  i n  a h ighe r  
pe rcen tage  o f  suc t ion  a t  the  h ighe r  l i f t  c o e f f i c i e n t s  t h a n  was o b t a i n e d  f o r  t h e  
basic wing ( & l e  = OO). The p e r c e n t  s u c t i o n  decreases t o  0 a t  t h e  higher v a l u e s  
of CL w i t h  t he  onse t   o f   f l ow  sepa ra t ion  a t  t h e   l e a d i n g  edge. Spanwise  blowing 
r e s u l t s  i n  l e a d i n g - e d g e  s u c t i o n  p e r c e n t a g e s  tha t  exceed  those  ob ta ined  fo r  the 
blowing-off case a t  the moderate   to   high l i f t  c o e f f i c i e n t s .  I n  a d d i t i o n ,  t h e  
percent  suc t ion  developed  by t h e  wing  (blowing  on> is e s s e n t i a l l y  u n a f f e c t e d  
by small d e f l e c t i o n s  o f  the leading-edge f l a p .  
F igu res  17 and 18 are summary p l o t s  f o r  the blowing-off  and  blowing-on 
c a s e s ,   r e s p e c t i v e l y .  These f i g u r e s  show t h e  effect  of   leading-edge f l a p  d e f l e c -  
t i o n   a n g l e  on the longi tudina l   aerodynamic  characterist ics f o r  M, = 0.30 .   In  
b o t h  f i g u r e s  t h e  data i n d i c a t e  a s l i g h t  d e c r e a s e  i n  l i f t  a t  the  low to moderate  
ang le s  o f  at tack because  o f  de f l ec t ion  o f  t h e  leading-edge f l a p .  A t  t h e  h igher  
ang le s  o f  a t tack,  with  blowing  off ,  the  def lec ted  leading-edge  f l a p  t e n d s  t o  
main ta in  a t tached  f low near  t h e  l e a d i n g  edge, as evidenced by a d e l a y  i n  wing 
s ta l l .  With  blowing  on, t he  r e d u c t i o n   i n  l i f t  c o e f f i c i e n t s  due t o  the deflected 
f l a p  becomes n e g l i g i b l e  a t  t h e  h ighes t  a n g l e  o f  a t t a c k .  
Drag -due - to - l i f t   cha rac t e r i s t i c s   ob ta ined   fo r  the & l e  = Oo c a s e   a r e  
improved by d e f l e c t i n g  t h e  leading-edge f l a p  downward. The lowest  drag-due-to- 
l i f t   v a l u e s   f o r   b l o w i n g   o f f  or  blowing on cor respond  to  t h e  & l e  80 configu- 
r a t i o n .  The data sugges t  t h a t  t h e  je t - induced   vor tex   sys tem on t h e  cambered 
l e a d i n g  e d g e  r e s u l t s  i n  a p o l a r  w i t h  reduced drag a t  a g iven  l i f t  c o e f f i c i e n t ;  
t h i s  t r e n d  is most important from a sustained maneuver  s tandpoint .  
The e f f e c t s  o f  l e a d i n g - e d g e  f l a p  d e f l e c t i o n  on the  l i f t  and drag increments 
caused by spanwise  blowing are shown i n  f i g u r e  19 f o r  M, = 0.30.   Addit ional  
data are p r e s e n t e d  f o r  l i f t  and drag increments  resu l t ing  f rom the a d d i t i o n  o f  
a strake t o  t h e  same wing  planform ( re f .  3 6 ) .  A s  p r e v i o u s l y   d i s c u s s e d ,  these 
strake r e s u l t s  were ob ta ined  a t  M, = 0.4 by us ing  the smaller f u s e l a g e .  The 
l i f t  and  d rag  coe f f i c i en t s  are based on t h e  r e s p e c t i v e  wing r e f e r e n c e  areas 
from each i n v e s t i g a t i o n .  
The f a v o r a b l e  l i f t  increments   due   to   b lowing  which o c c u r  f o r  t h e  & l e  = Oo 
case are reduced a t  the  modera te  to  high a n g l e s  o f  at tack when the leading-edge 
f l a p  is deflected. This  r e d u c t i o n  i n  l i f t  is d i r e c t l y  r e f l e c t e d  i n  a r educ t ion  
i n   t h e   f a v o r a b l e  drag b e n e f i t s  due to   blowing.  The t r e n d s   d i s c u s s e d   h e r e   f o r  
l i f t  and drag increments due to blowing are similar t o  the t r ends  ob ta ined  by 
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adding a maneuver s t r a k e  to  a p l a i n  wing  and a flapped wing. It should be 
noted tha t  t h e  ACD v a l u e s  f o r  t h e  strake were p l o t t e d  a g a i n s t  t h e  wrong 
parameter (a) i n  f i g u r e  9 o f  r e f e r e n c e  36, b u t  were c o r r e c t l y  p l o t t e d  as a 
f u n c t i o n   o f  CL i n   f i g u r e  19. 
The r e s u l t s  shown i n  f i g u r e s  12 t o  19 sugges t  tha t  b lowing  in  combina t ion  
wi th  the  cambered and twisted l e a d i n g  edge enab le s  r ecove ry  o f  some o f  t h e  
t h r u s t  l o s t  due t o  s e p a r a t i o n  a t  the  leading  edge.  Improving the d r a g   p o l a r  
by con tour ing  the wing l e a d i n g  edge in  combina t ion  wi th  spanwise blowing to  
improve drag characterist ics has been   i nves t iga t ed   i n   r e f e rence   25 .  The favor-  
able t r e n d s  t h u s  far observed wi th  spanwise blowing on the moderately swept 
t r a p e z o i d a l  wing wi th  deflected leading-edge f l a p  are a n a l o g o u s  t o  t h o s e  
obse rved  in  r e fe rence  37 f o r  a highly swept  del ta  wing wi th  cambered l e a d i n g  
edge. 
T r a i l i n g - e d g e  f l a p  d e f l e c t i o n . -  F i g u r e s  20 and 21 i l l u s t r a t e  t h e  e f fec t  
of spanwise blowing i n  combination wi th  a p a r t i a l - s p a n  t r a i l i n g - e d g e  f l a p  
d e f l e c t e d  t o  100  and  20°,   respectively,  on the  long i tud ina l  ae rodynamic  char- 
ac te r i s t ics  f o r  M, = 0.30 and  6ze = Oo.  The blowing-off   data   for   the basic 
wing ( d l e  = 6 te  = O o )  are shown f o r  r e f e r e n c e .  The effect  o f   b lowing   i n  con- 
j u n c t i o n  w i t h  a d e f l e c t e d  t r a i l i n g - e d g e  f l a p  i s  similar t o  effects observed  for  
t he  case w i t h  no f l a p  d e f l e c t i o n .  
The l i f t  and drag b e n e f i t s  due to  spanwise  blowing a t  t h e  higher C,, i n  
combination with a d e f l e c t e d  t r a i l i n g - e d g e  f l a p  are more f avorab le  than  the 
b e n e f i t s  that  would be a t t a i n e d  by adding  the  effects  of spanwise blowing or 
by a de f l ec t ed   f l ap   ac t ing   a lone   ( sho r t -dashed   cu rve ) .   Th i s   example   o f   ae ro -  
dynamic synergism,  discussed in  reference 38 f o r  a canard-wing configurat ion,  
may r e s u l t  f rom an  inc rease  in  b lowing  e f f ec t iveness  owing  to  t h e  inc reased  
camber near  the wing t r a i l i n g  edge i n  a d d i t i o n  t o  improvement i n  t r a i l i n g - e d g e  
f l a p  e f f e c t i v e n e s s  a t  the higher  ang le s  o f  attack. 
F igure  22 shows t h e  effect  of  C,, and 6 t e  on AC;/C,, and C L / C L , ~ ~  
f o r  cc approximate ly  21°. The data r e v e a l  t h a t  f o r  a g lven  C,,, i nc reased  
6 t e  i n c r e a s e s  the  l i f t  augmentat ion  ra t io   and t h e  l i f t  e f f e c t i v e n e s s   o f  
blowing. 
Lead ing-  and  t r a i l i ng -edge  f l ap  de f l ec t ion . -  The l o n g i t u d i n a l  character- 
i s t i c s  o b t a i n e d  for t h e  case wi th  spanwise blowing in  combina t ion  w i t h  lead ing-  
and  t r a i l i ng -edge  f l aps  deflected t o  80 and I O o ,  r e s p e c t i v e l y ,  are compared i n  
f i g u r e  2 3  w i t h  the data f rom f igure  20 .  These data were ob ta ined  by blowing 
on t h e  wing w i t h  a t r a i l i n g - e d g e  f l a p  d e f l e c t e d  t o  loo (61, = O o ) .  The blowing- 
o f f  d a t a  f o r  the b a s i c  wing ( 6 l e  = 6 t e  = O o )  are shown f o r  r e f e r e n c e .  The 
deflected leading-edge  f lap  de lays  the  more b e n e f i c i a l  l i f t  e f f e c t s  d u e  t o  
blowing t o  h i g h e r  a n g l e s  o f  at tack. The best drag-polar  shape ,  however, was 
obta ined  when b o t h  f l a p s  were d e f l e c t e d ;  t h i s  obse rva t ion  sugges t s  t h a t  span- 
wise blowing on an advanced fighter configuration employing t h e  variable-camber 
concept may o f f e r  s u b s t a n t i a l  improvement i n  maneuver performance. 
Asymmetric spanwise  b lowing . -  In  order  to  eva lua te  asymmetric blowing as 
a r o l l  c o n t r o l  d e v i c e ,  b l o w i n g  was i n i t i a t e d  on the r i g h t  wing o f  t he  4 4 O  swept 
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t r a p e z o i d a l  wing c o n f i g u r a t i o n   f o r  M, = 0.30  and  6ze = 6 t e  = Oo. The 
corresponding longi tudinal  aerodynamic characterist ics are p r e s e n t e d  i n  
r e f e r e n c e  32. 
The effect o f  a and C1.! on t he  l a t e r a l - d i r e c t i o n a l  characterist ics 
is shown i n  f i g u r e  2 4 .  This  f i g u r e  a l s o  shows unpublished data ob ta ined  a t  
the  Langley Research C e n t e r  f o r  a d i f f e r e n t i a l - s t r a k e  c o n f i g u r a t i o n  ( r i g h t  
strake o f f )  f o r  M, = 0.30.   Nozzle   thrust  effects  are i n c l u d e d   i n  t he  c o e f f i -  
c i e n t s ,  a n d  i n  a d d i t i o n ,  the  s i g n s  o f  t he  data f o r  t he  asymmetric strake have 
been  r eve r sed  in  o rde r  t o  make a comparison  between the  two c o n f i g u r a t i o n s .  
The c o e f f i c i e n t s  f o r  the strake data are based on the  r e f e r e n c e  v a l u e s  o f  
S = 10.3 cm2 and b = 50.8 cm. With b lowing   of f ,  Cz is e s s e n t i a l l y   z e r o  
throughout t he  test angle-of-at tack  range.  Asymmetric blowing o r  a d i f f e r e n -  
t i a l  wing strake r e s u l t s  i n  small p o s i t i v e   v a l u e s   o f  Cz a t  t h e  low  angles  
of  attack tha t  i n d i c a t e  a right-wing-down moment. A t  modera t e  to  high a n g l e s  
of  a t tack,  asymmetric blowing or a d i f f e r e n t i a l  strake r e s u l t s  i n  l a r g e  nega- 
t i v e   v a l u e s   o f  C 2 .  These nega t ive   va lues   i nd ica t e   r i gh t -wing-up   ro l l i ng  
moment and  adverse  yawing  moments. The C2 value  becomes  increasingly  nega- 
t i v e  w i t h  inc reased   ang le   o f  attack and  increased C,. A t  t h e  lower  blowing 
r a t e  (C, = 0.034)  and t h e  higher ang le s  o f  a t t ack ,  a symmet r i c  b lowing  r e su l t s  
i n  Cz va lues  t h a t  compare q u i t e   f a v o r a b l y  w i t h  those   ob ta ined  w i t h  a d i f fe r -  
e n t i a l  strake. Similar l e v e l s  o f  yawing moment and side f o r c e  are genera ted  
w i t h  each l a t e ra l  c o n t r o l  d e v i c e .  
The dashed l i n e  i n  f i g u r e  24 was obta ined  by us ing  t h e  t h e o r e t i c a l  method 
o f  r e f e r e n c e  39 t o  estimate the ro l l i ng -moment  coe f f i c i en t  due  to  p l a in  
t r a i l i n g - e d g e  a i l e r o n s .  The a i le ron   geometry  was assumed t o  have the  follow- 
i n g   c h a r a c t e r i s t i c s :  cf /c  = 0.30; r~i = 0.75; no = 0.95; 6 1  = -15O; and 
6, = 15O. A t  the h i g h e r   a n g l e s   o f  a t tack ,  the effect  of  asymmetric  blowing 
exceeds t h e  theore t ica l  ro l l ing-moment  coef f ic ien t  of  -0 .0105 caused  by t h e  
15O a i l e r o n   d e f l e c t i o n .  A t  a = 20° the a i l e r o n   d e f l e c t i o n   r e q u i r e d   t o  
achieve  the l e v e l  o f  r o l l i n g  moment provided by asymmetric spanwise blowing 
would  exceed 60°. 
Hor izon ta l  t a i l . -  The effect  of  spanwise blowing on t h e  long i tud ina l  cha r -  
acter is t ics  of  t he  c o n f i g u r a t i o n  w i t h  4 4 O  swept  t rapezoidal  wing and horizontal  
t a i l  is p r e s e n t e d  i n  f i g u r e  25 f o r  M, 0.30 as a r e  t h e o r e t i c a l  c a l c u l a t i o n s  
from reference 34 which account  for  the effect  of  leading-edge vortex f lows on 
wing-tai l   aerodynamics.  The d i s c u s s i o n  o f  the effects  of  blowing  on t h e  wing 
w i t h  t he  h o r i z o n t a l  t a i l  o f f  (see f i g .  7 )  a p p l i e s  t o  the data p r e s e n t e d  i n  
f i g u r e  25  and the  reader i s  referred t o  the sec t ion  en t i t l ed  ' IF l aps  unde f l ec t ed"  
f o r  a detailed a n a l y s i s .  Comparison  of t h e  data wi th  h o r i z o n t a l  t a i l  on 
( f i g .  25)  and off  ( f i g .  7 )  shows t h a t  b lowing  s l igh t ly  r educes  t h e  l i f t  and 
nose-down pi tching-moment  contr ibut ion of  the h o r i z o n t a l  t a i l ,  p a r t i c u l a r l y  a t  
t he  higher v a l u e s   o f  CL. 
The effect  o f   add ing  a h o r i z o n t a l  t a i l  on ACL/Cu and C L / C L , ~ ~  is shown 
i n  f i g u r e  26 f o r  C, z 0.060.  Blowing  on t h e  c o n f i g u r a t i o n  with wing  and  hori- 
z o n t a l  t a i l  is less e f f e c t i v e  a t  the moderate t o  high a n g l e s  o f  attack than  is 
blowing on the wing wi th  t a i l  o f f .  
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Vertical t a i l . -  F i g u r e s  27  and  28 i l l u s t r a t e  t h e  effect  of  spanwise  blow- 
i n g  on the l a t e r a l - d i r e c t i o n a l  s t a b i l i t y  charac te r i s t ics  of a c o n f i g u r a t i o n  
w i t h  wing  and v e r t i c a l  t a i l  f o r  M, = 0.30. With b lowing   o f f ,   un favorab le  
b r e a k s  o c c u r  i n  t h e  e f f e c t i v e  d i h e d r a l  and d i r e c t i o n a l  s t a b i l i t y  p a r a m e t e r s ,  
C z B  and C a t  modera t e   ang le s   o f  a t tack.  Spanwise   b lowing   r e su l t s   i n  
93' 
s t a b i l i z i n g   i n c r e m e n t s   i n  Clg  and CnB a t  t h e  h ighe r  a n g l e s   o f  a t tack ,  w i t h  
l i t t l e  or no effect  on t h e  l a t e r a l - d i r e c t i o n a l  s t a b i l i t y  a t  low angles of 
a t t a c k .   F i g u r e  28 p r e s e n t s  t h e  i n c r e m e n t s   i n  CnB and C l B  caused by a p p l i -  
cat ion of  spanwise blowing o r  t h e  a d d i t i o n  o f  a wing strake t o  t h e  same wing 
planform ( r e f .  40 ) .  The f a v o r a b l e   i n c r e m e n t s   i n  CnB and C l B  a t  t h e  
m o d e r a t e  t o  h i g h  a n g l e s  o f  a t tack due to  spanwise blowing o r  a wing  s t r ake  
s u g g e s t  t h a t  each maneuver device may f avorab ly  affect  the  s t a t i c  la te ra l -  
d i r e c t i o n a l  s t a b i l i t y .  Data from t h i s  figure are i n c o n c l u s i v e  b u t  suggest t h a t  
t h e  large b e n e f i t s  i n  l o n g i t u d i n a l  character is t ics  r e s u l t i n g  from t h e  app l i ca -  
t ion of  blowing o r  t h e  a d d i t i o n  o f  a s t rake may be achieved  wi thout  adverse ly  
a f f e c t i n g  t h e  l a t e r a l - d i r e c t i o n a l  s t a b i l i t y  charac te r i s t ics .  
The data i n  f i g u r e  29  ind ica t e  t h a t  f o r  b l o w i n g  o f f ,  a d d i t i o n  o f  a ho r i -  
z o n t a l  t a i l  t o  t h e  c o n f i g u r a t i o n  w i t h  wing  and v e r t i c a l  t a i l  p reven t s  t h e  
u n f a v o r a b l e   s t a b i l i t y   b r e a k   i n  t h e  e f f e c t i v e  d i h e d r a l  parameter C I B  t h a t  was 
o b s e r v e d  i n  f i g u r e  27 for t h e  case w i t h  t h e  h o r i z o n t a l  t a i l  o f f .  With blowing 
on ,  a f a v o r a b l e   i n c r e m e n t   i n  CIB  occurs  throughout t h e  angle-of -a t tack   range;  
t y p i c a l l y  t h i s  i nc remen t   i nc reases  w i t h  i n c r e a s e d  C,,. As was o b s e r v e d   i n  f i g -  
u r e  27 f o r  t h e  case w i t h  h o r i z o n t a l  t a i l  o f f ,  b lowing  de lays  t h e  unfavorable  
break i n  d i r e c t i o n a l  s t a b i l i t y  t o  higher  a n g l e s  o f  a t tack.  
Close-Coupled Canard-Wing Conf igu ra t ion  
Blowing  on t h e  wing.- The l o n g i t u d i n a l  character is t ics  t h a t  r e s u l t  from 
spanwise blowing on t h e  44O swept t r apezo ida l  w ing  in  the  p re sence  o f  a c lose -  
coupled  canard are shown i n  f i g u r e s  30  and  31 f o r  M, = 0.30  and 0.50, respec-  
t i v e l y ,  and f o r  i c  = O o .  Also shown i n  t h e  figures are t h e o r e t i c a l  calcula- 
t i o n s  u s i n g  t h e  method o u t l i n e d  i n  r e f e r e n c e  3 4  which a c c o u n t  f o r  t h e  e f fec t  
of   leading-edge  vortex  f lows on canard-wing  aerodynamics. The t r e n d s  w i t h  
spanwise  blowing shown i n  f i g u r e s  30  and 31 are similar t o  t h o s e  o b s e r v e d  f o r  
t h e  wing-alone case (see figs.  7 and 8, f o r  e x a m p l e ) ;  t h e r e f o r e ,  n o  a d d i t i o n a l  
d i s c u s s i o n  o f  these t r e n d s  i s  p r e s e n t e d  i n  t h i s  paper .  
As shown i n  f i g u r e  32 f o r  M, = 0.30, t h e  e f fec t  of  spanwise  blowing 
is more  pronounced when t h e  canard   inc idence   angle  i c  i s  i n c r e a s e d   t o  l o o .  
The f a v o r a b l e  l i f t  b e n e f i t s  d u e  t o  b l o w i n g  are larger a t  t h e  h i g h e r  a n g l e s  
o f  at tack where t h e  c o n f i g u r a t i o n   h a s  reached maximum CL. The drag p o l a r  
improvement  due to  b lowing  is similar t o  t h e  improvement shown i n  f i g u r e  30 
f o r  i c  = Oo.  The pitching-moment r e s u l t s  show a f a v o r a b l e  effect  on the 
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s t a b i l i t y  l e v e l  compared wi th  the blowing-off case a t  t h e  h i g h e r  l i f t  v a l u e s  
bu t  show p i t c h  up a t  t h e  h i g h e s t  v a l u e s  of CL. 
Blowing  on the  cana rd . -  The l o n g i t u d i n a l  c h a r a c t e r i s t i c s  t h a t  r e s u l t  
because of spanwise blowing on t h e  c a n a r d  are shown i n  f i g u r e s  33 and  34  for  
i c  = O0 and loo,  r e s p e c t i v e l y ,  fo r  M, = 0.30. The j e t  momentum c o e f f i c i e n t s  
for   the   canard-b lowing  case are less t h a n  t h e  v a l u e s  f o r  Cp f o r  t h e  wing- 
blowing case because t h e  canard  has  a smaller converg ing  nozz le  s ize .  The 
t rends  wi th  canard  b lowing  shown i n  f i g u r e s  33 and  34 are similar t o  those  
o b s e r v e d  i n  f i g u r e s  30  and  32 f o r  t h e  wing-blowing case f o r  i c  O0 and loo, 
respectively.   Canard  spanwise  blowing has a s l i g h t  d e s t a b i l i z i n g  effect  a t  
h igh  l i f t  l eve l s ,   wh ich  ref lects  the   i nc reased   cana rd  l i f t .  A t  the h ighe r  
va lues   o f  l i f t ,  p i t c h i n g  moment is r e l a t i v e l y  c o n s t a n t  w i t h  C L ,  and   t hus   i nd i -  
cates n e u t r a l  s t a b i l i t y .  
The l o n g i t u d i n a l  a e r o d y n a m i c  c h a r a c t e r i s t i c s  o b t a i n e d  f o r  t h e  wing-  and 
canard-blowing cases are compared i n  f i g u r e s  35 and 36 f o r  i c  Oo and I O o ,  
r e s p e c t i v e l y .  The data i n d i c a t e   t h a t   b l o w i n g  on the   cana rd   w i th  Cp = 0.030 
r e s u l t s  i n  l i f t  and drag characterist ics t h a t  compare favorably with those 
obta ined  by blowing on t h e  wing w i t h  Cy = 0.058. These r e s u l t s   i m p l y  t h a t  i f  
a i r  is supp l i ed  by engine  b l e e d ,  spanwise  blowing  on t h e  cana rd  r equ i r e s  less 
b leed  a i r  than  t h a t  r equ i r ed  by spanwise  blowing  on t h e  wing i n  o r d e r  t o  p r o -  
duce  comparable l i f t  and drag b e n e f i t s .   F u r t h e r m o r e ,   f o r  i c  = l o o ,  t h e  wing- 
blowing case e x h i b i t s  u n f a v o r a b l e  l o n g i t u d i n a l  s t a b i l i t y  t r e n d s  a t  the  modera te  
t o  h igh  va lues  o f  l i f t ,  whereas  the  canard-blowing case e x h i b i t s  e s s e n t i a l l y  
n e u t r a l  s t a b i l i t y  f o r  t h e  same range of  l i f t  c o e f f i c i e n t .  
One o f  t h e  problems associated w i t h  t h e  d e s i g n  o f  a close-coupled canard- 
wing c o n f i g u r a t i o n  as  a highly maneuverable a i r c r a f t  is t h e  p rov i s ion  o f  an  
optimum  method o f   l o n g i t u d i n a l  trim con t ro l .   Re fe rence  41  h a s   i n d i c a t e d  t h a t  
i f  trim is obta ined  by changing  the  canard  inc idence ,  a more highly swept 
canard seems w a r r a n t e d  i n  o r d e r  t o  a l l e v i a t e  c a n a r d  s t a l l  a t  h igh  a n g l e s  o f  
a t tack.  Such conf igu ra t ions ,   however ,   t end   t o   exh ib i t  h i g h  induced-drag char- 
a c t e r i s t i c s  and  tend  to  have h i g h  trim drag. Spanwise  blowing  on t h e  canard 
may o f f e r  one  means o f  a l l e v i a t i n g  t h i s  problem.  Leading-edge  vortex  augmenta- 
t i o n  by spanwise blowing on a moderately swept  canard would al leviate  canard 
s t a l l  a t  h i g h  a n g l e s  o f  a t tack and  would a l s o  a v o i d  t h e  h i g h  induced drag and 
trim drag t h a t  a highly  swept   canard would be  e x p e c t e d  t o  e x h i b i t .  Refer- 
ence 29 h a s  a l s o  i n d i c a t e d  t h a t  a modest  amount  of  spanwise  blowing on a canard 
a t  low speed  would reduce canard s i ze  and permit a more  optimum c a n a r d  t o  be  
u s e d  i n  c r u i s e .  
F igu re  37 p r e s e n t s  t he  effect of  C y ,  je t  l o c a t i o n ,  and M, on A C L / C ~  
and C L / C L , ~ ~  fo r   t he   cana rd -wing   conf igu ra t ion  a t  c1 = 21° and w i t h  i c  O o .  
For t h e  wing-blowing case, spanwise  blowing is more e f f e c t i v e  a t  t h e  h ighe r  
Mach number (M ,  = 0 . 5 0 ) ,  as evidenced by h i g h e r   v a l u e s   o f  A C L / C ,  and 
C L / C L , ~ ~ .  These r e s u l t s  s u g g e s t  t h a t  t h e  spanwise  blowing  concept may be an  
e f f e c t i v e  means of augmenting maneuvering l i f t  of f i g h t e r  a i rc raf t  a t  higher  
subsonic  free-stream Mach numbers.  Reference  25 h a s  noted,  however,  t h a t  a 
d e t e r r e n t  t o  u t i l i z a t i o n  o f  s p a n w i s e  b l o w i n g  a t  t r a n s o n i c  Mach numbers may be 
t h e  lack o f  eng ine  b l eed  a i r  t o  s u p p l y  t h e  momentum r e q u i r e d  f o r  e f f e c t i v e  
vortex augmentat ion.  
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The canard-blowing case e x h i b i t s   h i g h e r   v a l u e s  of ACL/C,, and C L / C L , ~ ~  
than  those  obta ined  for  the  wing-b lowing  case f o r  t he  narrow band of comparable 
C,, v a l u e s  shown i n  f i g u r e  37 f o r  M, = 0.30. Similar t r e n d s  are shown i n  fig- 
u r e  38 f o r  i c  = 100. There are s e v e r a l   r e a s o n s   f o r  these t r e n d s .   F i r s t ,  for 
t h e  same amount of  blowing,  it is more e f f i c i e n t  t o  blow on t h e  canard than on 
t h e  wing  because of t h e  c a n a r d ' s  smaller su r face .  Second ,  t he  bene f i t s  o f  
blowing on the wing are delayed somewhat because  of  canard  downwash. 
F igu re  39 p resen t s  t he  long i tud ina l  ae rodynamic  pe r fo rmance  o f  cana rd  
spanwise blowing and of a straked canard of larger planform (data from ref. 42) .  
The da ta  f rom re fe rence  42 were ob ta ined  by u s i n g  the  smaller f u s e l a g e  p r e v i -  
ous ly   d i scussed .  The c o e f f i c i e n t s  are based on the  r e s p e c t i v e   r e f e r e n c e  char- 
ac te r i s t ics  from each study,  and moments are t aken  abou t  t h e  moment r e f e r e n c e  
center   f rom the p r e s e n t   i n v e s t i g a t i o n .  The wing-alone data without  blowing 
are shown i n  t h e  f i g u r e  f o r  r e f e r e n c e .  
The i n t e r m e d i a t e - s i z e  c a n a r d  f e a t u r i n g  a moderate amount of blowing 
(C,, = 0.030) produces l i f t  and drag b e n e f i t s  t h a t  are q u i t e  similar t o  t h o s e  
o b t a i n e d   f o r  t h e  large,  s t raked-canard   conf igura t ion   in   re fe rence   42 .   In  addi -  
t i o n ,  the  canard wi th  spanwise  b lowing  r e su l t s  i n  a h i g h e r  s t a b i l i t y  l e v e l  t h a n  
t h a t  o b t a i n e d  f o r  t he  large, s t r aked  cana rd .  
CONCLUSIONS 
A general ized wind-tunnel  model has been t e s t e d  i n  t h e  Langley high-speed 
7- by 1 0 - f o o t  t u n n e l  t o  i n v e s t i g a t e  new component concepts  us ing  spanwise  blow- 
ing to provide improved maneuver characterist ics fo r  advanced  f igh te r  aircraft .  
Primary  emphasis was placed on pe r fo rmance ,  s t ab i l i t y ,  and  con t ro l  a t  h igh  
angles   o f   a t tack   and   subsonic   speeds .   S ince   separa t ion- induced   vor tex   f lows  
have been shown under  cer ta in  condi t ions  to  increase  maneuver  per formance  
s i g n i f i c a n t l y ,  the i n v e s t i g a t i o n  was focused on va r ious  me thods  o f  con t ro l l i ng  
and delaying the  leading-edge vortex breakdown and of optimizing component 
i n t e rac t ions .   In   pa r t i cu la r ,   spanwise   b lowing  was used  on a 4 4 O  swept  t r ape -  
z o i d a l  wing to  de t e rmine  the  effect  of leading-edge vortex enhancement on 
l e a d i n g -  a n d  t r a i l i n g - e d g e  f l a p  e f f e c t i v e n e s s ,  h o r i z o n t a l -  a n d  v e r t i c a l - t a i l  
e f f e c t i v e n e s s ,  and  c lose-coupled  canard  wing  in te rac t ions ,  and  to  assess span- 
wise blowing as a r o l l  c o n t r o l  d e v i c e .  These resu l t s  were compared w i t h  data 
f o r  o t h e r  maneuver  concepts  such as strakes and  canards.  As a r e s u l t  o f  t h i s  
s t u d y ,  t he  fol lowing  conclusions  can be made: 
1 .  Spanwise  b lowing  resu l t s  in  subs tan t ia l  improvement  in  the  per formance  
o f  t h e  4 4 O  swept  t r a p e z o i d a l  wing c o n f i g u r a t i o n  a t  high a n g l e s  o f  a t t a c k .  I n  
p a r t i c u l a r ,  s i g n i f i c a n t  v o r t e x - i n d u c e d  l i ' f t  increments  occur  a t  the h ighe r  
a n g l e s  o f  a t t a c k  w i t h  subsequent improvement i n  t h e  drag p o l a r .  
2 .  The longi tudina l  aerodynamic  per formance  benef i t s  due  to  spanwise  
blowing compare favorably w i t h  the performance benefi ts  due to  a wing strake. 
3. Spanwise  blowing is more e f f e c t i v e  a t  h ighe r  subson ic  Mach numbers  and 
r e p r e s e n t s  a means of enhancing t h e  higher  subsonic maneuver performance of 
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f i g h t e r  aircraft .  The v i a b i l i t y  o f  s p a n w i s e  b l o w i n g  a t  h igh  subsonic  free- 
stream Mach numbers is, however,  dependent  on  engine bleed a i r  a v a i l a b i l i t y .  
4. D e f l e c t i n g  a l ead ing -edge  f l ap  de l ays  the  more benef ic ia l  b lowing-  
induced effects  to  h i g h e r  a n g l e s  o f  a t t a c k ;  Ray,  McKinney, and  Carmichael 
(NASA TN D-7131) obta ined  similar r e s u l t s  f o r  a f l apped  wing  wi th  s t r ake .  A 
f o r w a r d  r o t a t i o n  of the  vor tex- l i f t  vec tor  occurs ,  however ,  and  the  subsequent  
t h rus t  r ecove ry  r e su l t s  i n  d rag -po la r  improvemen t .  
5. Spanwise blowing effect iveness  is enhanced by combining blowing with 
a deflected t r a i l i n g - e d g e   f l a p .   I n   a d d i t i o n ,   b l o w i n g  may improve  t ra i l ing-edge 
f l a p  e f f e c t i v e n e s s .  
6 .  Asymmetric  blowing is a n  e f f e c t i v e  la teral  c o n t r o l  d e v i c e  a t  high 
a n g l e s  o f  a t t a c k .  
7 .  Adding t h e  h o r i z o n t a l  t a i l  r educes  the  l i f t  e f f ec t iveness  o f  b lowing  
a t  t h e  h igher  angles  of a t t a c k .  
8. The l a t e r a l - d i r e c t i o n a l  s t a b i l i t y  character is t ics  o f  t h e  c o n f i g u r a t i o n s  
wi th  ( a>  wing  and v e r t i c a l  t a i l  and ( b )  wing ,   hor izonta l  t a i l ,  and v e r t i c a l  
t a i l  are improved a t  t h e  h i g h e r  a n g l e s  o f  a t t a c k  by spanwise blowing on t h e  
wing .   In   pa r t i cu la r ,   b lowing  resu l t s  i n  s t a b i l i z i n g  i n c r e m e n t s  i n  t h e  e f f e c -  
t i v e  d i h e d r a l  and d i r e c t i o n a l  s t a b i l i t y  p a r a m e t e r s  a n d  d e l a y s  t h e  u n f a v o r a b l e  
break  i n  t h e  d i r e c t i o n a l  s t a b i l i t y  p a r a m e t e r  t o  much h i g h e r  a n g l e s  o f  a t t a c k .  
9 .  Spanwise blowing on configurations w i t h  wing and v e r t i c a l  t a i l  
e x h i b i t e d  l a t e r a l - d i r e c t i o n a l  s t a b i l i t y  similar t o  tha t  achieved with a wing- 
s t r a k e   c o n f i g u r a t i o n .  The r e s u l t s  s u g g e s t  t h a t  t h e  s i g n i f i c a n t  b e n e f i t s  i n  
long i tud ina l  ae rodynamic  characterist ics due to  app ly ing  b lowing  o r  add ing  a 
s t r a k e  may be  o b t a i n e d  w i t h o u t  a d v e r s e  e f f e c t s  o n  l a t e r a l - d i r e c t i o n a l  s t a b i l i t y .  
10. For a close-coupled  canard-wing  configuration,  spanwise  blowing on t h e  
canard is more e f fec t ive  than  spanwise  b lowing  on the wing. 
1 1 .  The longi tudina l  aerodynamic  per formance  of  canard  spanwise  b lowing  
compares  favorably wi th  r e s u l t s  o b t a i n e d  f o r  a straked canard-wing configura- 
t ion  wi thout  b lowing .  
12. The leading-edge suct ion analogy was used  fo r  selected conf igu ra t ions  
and provided reasonable  estimates fo r  the  long i tud ina l  ae rodynamic  cha rac t e r -  
istics due to  spanwise  b lowing .  
Langley Research Center 
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TABLE I.- GEOMETRIC CHARACTERISTICS OF MODEL 
Body : 
Length. cm . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  101.05 
4 4 O  swept  t rapezoidal  wing:  
A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
b/2, cm . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Ale - 9 deg 
c , c m  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Cth,  cm . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Longi tudina l   model   s ta t ion  a t  25 p e r c e n t   c t h ,  cm . . . . . . . .  
A i r f o i l  s e c t i o n :  
Root . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Tip  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
S, cm2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Root  chord ( a t  wing- fuse l age   j unc tu re ) ,  cm . . . . . . . . . . .  
Tip  chord,  cm . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . 2.56 
. . 27.18 
. .  44 
. . 24.56 . . 35.75 . . 51.81 
NACA 64A006 
NACA 648004 . . 1155.74 
. . 29.80 
. . 6.77 
Canard : 
A l e .  deg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  51.7 
A i r f o i l   s e c t i o n  . . . . . . . . . . . . . . . . . . . . . . . .  C i r c u l a r  arc 
Sc. cm2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  226.90 
b/2. cm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  17.5 
Root  chord ( a t  cana rd - fuse l age   j unc tu re ) .  cm . . . . . . . . . . . .  15.88 
T i p  chord. cm . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3.18 
Maximum t h i c k n e s s .  p e r c e n t  c h o r d  a t :  
Root . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6.0 
T i p  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 .  0 
Hor i zon ta l  and v e r t i c a l  t a i l s :  
Ale.  deg . . . . . . . . . . . . . . .  
A i r f o i l   s e c t i o n  . . . . . . . . . . . .  
ST. cm2 . . . . . . . . . . . . . . . .  
sH. cm2 . . . . . . . . . . . . . . . .  
b/2. cm . . . . . . . . . . . . . . . .  
Root  chord ( a t  t a i l - f u s e l a g e  j u n c t u r e ) .  
Tip  chord. cm . . . . . . . . . . . . .  
Maximum th i ckness .  pe rcen t  chord  a t :  
Root . . . . . . . . . . . . . . . .  
Tip  . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . .  51.7 
. . . . . . . . . . . .  C i r c u l a r  arc 
. . . . . . . . . . . . . . .  144.39 
. . . . . . . . . . . . . . .  288.80 
. . . . . . . . . . . . . . .  19.03 
cm . . . . . . . . . . . . .  17.92 
3.59 . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . .  6.  0 
. . . . . . . . . . . . . . .  4.0 
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(a) Blowing  off;  vortex  breakdown. 
L-77-326 
(b) Blowing on; vortex  breakdown  delayed. 
Figure 1 .- Flow-visualization  photographs  of  spanwise  blowing on 4 4 O  swept trapezoidal 
wing  at a = 30° (from ref. 31). 

0.635 
( a>  Three-view  drawing. 
Figure 3.- Details of wind-tunnel  model. (All dimensions  except those marked otherwise are i n  cm.) 
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(b) 4 4 O  swept  t rapezoida l  wing .  
F igu re  3.- Concluded. 
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. .  
L-77-327 ( a )  Spanwise  blowing  on 4 4 O  swept  t rapezoida l  wing .  
F igure  4 . -  Model c o n f i g u r a t i o n s  i n s t a l l e d  i n  wind t u n n e l .  
Figure 4.- Cont inued .  
( c )  Spanwise  blowing on wing of canard-wing configuration. 
F igu re  4 . -  Continued. 
L-77-329 
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(b) Canard  nozzle.  
F igu re  5.- Wing and  cana rd  nozz le  geomet ry ,  ve r t i ca l  l oca t ion ,  and  sweep a n g l e .  
A l l  dimensions are i n  c e n t i m e t e r s .  
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F i g u r e  6.- Planview of a i r  supply system and internal  model assembly f o r  
spanwise  blowing model. ( A l l  dimensions are i n  cm u n l e s s  otherwise 
noted.  
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Figure  7.- Comparison o f  t h e o r e t i c a l  and  expe r imen ta l  l ong i tud ina l  
ae rodynamic  cha rac t e r i s t i c s  o f  U 0  swept  t rapemidal  wing  
c o n f i g u r a t i o n   w i t h   & l e  = 6 t e  = Oo; M, 0.30. 
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Figure  8.- Comparison of t h e o r e t i c a l  a n d  e x p e r i m e n t a l  l o n g i t u d i n a l  
aerodynamic characterist ics o f  4 4 O  swept  t rapezoida l  wing  
c o n f i g u r a t i o n  w i t h  62, = 6 t e  = Oo; M, = 0.50. 
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Figure  9.- Effect o f  C,, and M, on l i f t  augmentation 
r a t i o  and l i f t  e f f e c t i v e n e s s  of b lowing  for  4 4 O  swept 
t r a p e z o i d a l  w i n g  c o n f i g u r a t i o n  f o r  CY = 2 1 O .  
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F igu re  10.- Effect of  CL and C,, on drag reduc t ion  
r a t i o  f o r  4 4 O  swept  t r apezo ida l  w ing  conf igu ra t ion  
f o r  two free-stream Mach numbers. 
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Figure  11 .- Effect of wing strake and spanwise blowing on 
l o n g i t u d i n a l  a e r o d y n a m i c  c h a r a c t e r i s t i c s  o f  44O swept 
t r apezo ida l  w ing  conf igu ra t ion .  62 e = O o .  
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Figure  12.- Comparison  of effect  of  spanwise blowing on theoret ical  
and  expe r imen ta l  l ong i tud ina l  ae rodynamic  cha rac t e r i s t i c s  o f  
4 4 O  swept t r a p e z o i d a l  wing c o n f i g u r a t i o n  w i t h  6 l e  = 4O; 
6 t e  = 0’; M, = 0.30. 
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Figure  13.- Comparison of t h e o r e t i c a l  and  expe r imen ta l  l ong i tud ina l  
a e r o d y n a m i c  c h a r a c t e r i s t i c s  o f  4 4 O  swept  t rapezoida l  wing  
conf igu ra t ion .   w i th  61, = 80; 6,- OO; M, = 0.30. 
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Figure  14.-  Effect of  spanwise  b lowing  in  conjunct ion  wi th  
d i f f e r e n t i a l l y  deflected l ead ing-edge  f l ap  on  long i tud ina l  
a e r o d y n a m i c  c h a r a c t e r i s t i c s  o f  4 4 O  swep t  t r apezo ida l  w ing  
conf igu ra t ion ;   6 t ,  = OO; M, = 0.30. 
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Figure  15.- Effect o f  C,, and  6ze on l i f t  a u g m e n t a t i o n   r a t i o  
and l i f t  e f f e c t i v e n e s s  o f  b l o w i n g  f o r  44O swep t  t r apezo ida l  
w ing   conf igu ra t ion   fo r  a =. 20°; 6 t e  = 00; M, = 0.30. 
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Figure  16.- E f f e c t   o f  CL and C,, on p e r c e n t   s u c t i o n  
developed by 4 4 O  swept  t rapezoida l  wing  conf igura t ion  
f o r   r a n g e  of 6ze; M, = 0.30. 
42 
0 
cm 
-. 2 
-. 4 
.4 
.3 
. 2  
.1 
0 
20 
16 
12 
a. deg 
a 
4 
0 
- 4  ' I 1 I I I I -. 2 0 .2 .4 .6 .a 1.0 
Figure  17.- Effect of  leading-edge f l ap  d e f l e c t i o n  a n g l e  on 
longi tudina l  aerodynamic  characteristics o f  44O swept 
t r a p e z o i d a l  wing c o n f i g u r a t i o n  with blowing off ;  
6 t e  = Oo; M, - 0.30. 
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Figure  18.- Effect of  lead ing-edge  f lap  def lec t ion  angle  on 
longi tudina l  aerodynamic  characteristics o f  4 4 O  swept 
t r apezo ida l  w ing  conf igu ra t ion  w i t h  blowing on; 
Cy = 0.127; 6 t e  = 0'; M, = 0.30. 
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Figure 19.- Effect  of  leading-edge  flap  deflection  on  lift  and  drag increments 
due to wing strake  or  spanwise  blowing. 
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Figure  20.- Effect of  spanwise  b lowing  in  conjunct ion  w i t h  t r a i l i n g - e d g e  
f l a p  deflected t o  IOo on longi tudina l  aerodynamic  characterist ics of 
440 swept   rapezoida l   wing   conf igura t ion ;   62e  = 0'; M, = 0.30. 
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Figure  21 .- Effect of  spanwise  b lowing  in  conjunct ion-  w i t h  t r a i l i n g - e d g e  
f l a p  deflected t o  20° on longi tudina l  aerodynamic  characteristics of 
44O swep t   t r apezo ida l   w ing   conf igu ra t ion ;  & l e  Oo; .Ma = 0.30. 
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Figure  23.- Comparison o f  e f fec t  of spanwise  b lowing  in  conjunct ion  
wi th  deflected t r a i l i n g - e d g e  f l a p  a n d  deflected leading- and 
t r a i l i n g - e d g e  f l a p s  on longi tudina l  aerodynamic  characteristics 
o f  4 4 O  swept   t rapezoida l   wing   conf igura t ion ;  M, = 0.30. 
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Figure  24.- Comparison  of effects o f  d i f f e r e n t i a l  strake and 
d i f f e ren t i a l  spanwise  b lowing  on  l a t e ra l -d i r ec t iona l  char- 
acterist ics of 4 4 O  swep t  t r apezo ida l  w ing  conf igu ra t ion ;  
M, = 0.30. 
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F igu re  25.- Compar ison  of  theore t ica l  and  exper imenta l  longi tudina l  
ae rodynamic  cha rac t e r i s t i c s  of configurat ion with wing and 
h o r i z o n t a l  t a i l ;  M, 0.30. 
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Figure  26.- Effect of a n g l e  o f  a t t a c k  and h o r i z o n t a l  t a i l  on 
l i f t  augmen ta t ion  r a t io  and  l i f t  e f f e c t i v e n e s s  of blowing 
on 440 swept t rapezoida l   wing  fo r  Cu = 0.060; M, = 0.30. 
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Figure 27.- Effect of spanwise  blowing on lateral-directional 
stability  derivatives  of  configuration  with  wing  and 
vertical  tail; M, = 0.30. 
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Figure  28.- Comparison  of  increments i n  CnB and CzB due t o  
spanwise blowing or a wing s t r a k e  f o r  4 4 O  swept  t rapezoida l  
wing c o n f i g u r a t i o n  w i t h  v e r t i c a l  t a i l ;  M, = 0.30. 
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Figure 29.- Effect of spanwise  blowing on lateral-directional 
stability  derivatives of configuration  with wing, vertical 
tail, and horizontal tail; M, = 0.30. 
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Figure  30.- Comparison of t h e o r e t i c a l  and  exper imenta l  longi tudina l  
a e r o d y n a m i c  c h a r a c t e r i s t i c s  of canard-wing configurat ion with 
blowing  on  wings; i c  = Oo; M, = 0 30. 
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Figure 31.- Comparison  of  theoretical and experimental  longitudinal 
aerodynamic  characteristics  of  canard-wing  configuration  with 
blowing on wings; ic = Oo; M, = 0.50. 
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Figure  32.- Effect of spanwise blowing on 4 4 O  swep t  t r apezo ida l  
wing  on l o n g i t u d i n a l  a e r o d y n a m i c  c h a r a c t e r i s t i c s  o f  c l o s e -  
coupled  canard  wing  configurat ion  for  i c  = loo; M,,, = 0 .30 .  
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Figure 33.- Effect of canard spanwise blowing on longitudinal 
aerodynamic characteristics  of canard-wing configuration 
for ic = Oo; M, = 0.30. 
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Figure  35.- Comparison of l o n g i t u d i n a l  a e r o d y n a m i c  c h a r a c t e r i s t i c s  
of canard-wing configurat ion with spanwise blowing on wings and 
with  spanwise  blowing on canards  for  i c  = OO; M, = 0.30. 
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Figure 36.- Comparison of longitudinal  aerodynamic  characteristics 
of canard-wing  configuration  with  spanwise  blowing on wings and 
spanwise  blowing on canards  for ic = 100; Mm = 0.30. 
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Figure  37.- Effect of C p ,  j e t  l o c a t i o n ,   a n d  M, on l i f t  
augmen ta t ion  r a t io  and  l i f t  e f f e c t i v e n e s s  o f  b l o w i n g  
for   canard-wing   conf igura t ion ;  i c  = Oo; CY y 21°. 
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Figure  38.-  Effect o f  Cp and je t  l o c a t i o n  on l i f t  augmentation 
r a t i o  and l if t  ef fec t iveness  of  b lowing  for  canard-wing  
c o n f i g u r a t i o n ;  ic = 100; CY = 210. 
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Figure 39.- Comparison of longitudinal  aerodynamic  characteristics 
of straked  canard-wing  configuration and canard-wing  configuration 
featuring canard spanwise  blowing; M, 0.30; iC = 
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